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Abstract 
SrRuO3 (SRO113) is an important material for device physics particularly as 
one of the best metallic oxide electrodes for ferroelectric devices. This oxide 
has moderate electron correlations with novel properties including 
ferromagnetic ordering, which can be utilized in future to spintronics and 
superconducting spintronics devices. Recently, we observed strongly enhanced 
magnetization of SRO113 thin films grown on single crystals of the spin-triplet 
superconductor Sr2RuO4 (SRO214). To clarify the origin of such an 
enhancement, we conducted systematic investigations of magnetic properties of 
SRO113 films deposited on a variety of oxide substrates. We carefully 
subtracted the substrate contributions and found that the enhanced 
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magnetization occurs only for SRO113/SRO214 films. We further found that 
neither strain nor metallicity of the substrate plays any significant roles in the 
enhancement. The X-ray magnetic circular dichroism reveals that the substrate-
induced strain does not switch the Ru4+ state from the low-spin to high-spin 
states. The film-thickness dependence of the magnetization of 
SRO113/SRO214 films strongly suggest that the additional magnetization 
arises due to the induction of magnetic moment into the SRO214 substrate over 
20-nm depth. Our results imply new magnetic functionality that can trigger 
studies searching for yet unknown physical phenomena in magnetic ruthenates.  
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INTRODUCTION 
SrRuO3 (SRO113) thin films have been extensively investigated among its family of the 
Srn+1RunO3n+1 Ruddlesden-Popper (RP) series due to its versatile functionalities for 
oxide-based device applications and distinctive electrical and magnetic properties 
compared with other transition-metal oxides. SRO113 has chemically stable surface
1
. 
Its orthorhombic perovskite structure has especially high affinity to other functional 
perovskite-type oxides such as ferromagnetic, ferroelectric, and superconducting 
systems
2-5
. Below its Curie temperature (TCurie) 160 K, this oxide exhibits itinerant 
ferromagnetism, which is rare among the 4d oxides. However, in strained films, TCurie is 
known to always decrease
6
. This fact indicates that magnetic properties of SRO113 are 
sensitive to its structural distortion such as the RuO6 octahedral distortion
1, 7
 .   
 As a good approximation, Ru ions in SRO113, taking the 4+ valence with the 
4d
4
 configuration, exhibit the low-spin state in both film and bulk forms due to the large 
crystal-field splitting between the t2g and eg levels. Thus, the magnetic moment of a 
Ru
4+
 ion is naively expected to be 2µB. Taking into account various interactions such as 
spin-orbit coupling
8
, d-p hybridization
9, 10
, and electron-electron correlation
11, 12
, the 
magnetization M of SRO113 is calculated to become smaller. Thus, 2µB/Ru has been 
known as the upper limit of M. Many theoretical approaches have also pointed out 
critical roles of RuO6 octahedral distortions, namely octahedral tilting and rotations
7, 13, 
14
. Experimentally, such RuO6 structural changes can be easily induced by strain 
engineering, i.e. choosing perovskite-oxide single-crystal substrates with different 
lattice constants, structures, surface terminations, and surface step-size. For example, a 
perfectly TiO2-terminated SrTiO3 (STO) is one of the most widely used substrates, 
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which yields compressive strain of 0.64%
15
. Highly-crystalline SRO113 films 
epitaxially grown on STO exhibits M of 1.1-1.6 µB/Ru
4+
 
16
 and TCurie ~ 150 K
17
. On the 
other hand, when SRO113 experiences a large tensile strain as in the case of SRO113 
on KTaO3, M decreases and the easy axis changes from the out-of-plane to the in-plane 
direction
18
.  Note that we also cannot rule out possibility that the quality of films in each 
report, such as crystallinity and stoichiometry, may also have affected magnetic 
properties. 
 We recently introduced a special substrate for growing SRO113 films: a spin-
triplet superconductor Sr2RuO4 (SRO214), which is not commercially available nor an 
insulating perovskite. This oxide is the n = 1 member of the Srn+1RunO3n+1 RP series, to 
which SRO113 also belongs. SRO214 
19-21
 is known as a paramagnetic metal
20
 above 
the superconducting critical temperature Tc = 1.5 K. We successfully grew epitaxial 
SRO113 thin films on the cleaved ab surface of single crystals of SRO214, even under a 
relatively large lattice mismatch of 1.5% compressive to the film
22
. In this system, 
penetration of spin-triplet superconductivity from SRO214 into the ferromagnetic 
SRO113 has been recently observed and this phenomenon can be utilized for future 
superconducting spintronics devices
22
. On the other hand, surprisingly, we have 
revealed that SRO113/SRO214 exhibits incredibly enhanced ferromagnetic 
magnetization with M ≥ 3 µB/Ru
4+
 
23
. This observation appears to significantly violate 
the magnetic upper limit of 2 µB/Ru
4+
. On the other hand, TCurie is observed to be  160 
K, the same value as in the bulk. Considering the known strong dependence of TCurie on 
strain as well as the large compressive strain experienced by the film on SRO214, the 
observed full recovery of TCurie to the bulk value is rather unexpected.  
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 In this study, we conducted various experiments to investigate the origin of such 
unique magnetic character of the SRO113/SRO214 system. In order to prepare SRO113 
films with differently distorted RuO6, we utilized various commercially available 
substrates with different lattice constants, namely, NdGaO3 (NGO), STO, DyScO3 
(DSO), and GdScO3 (GSO) (listed in the order of decreasing lattice constants)
24
. With 
these different substrates, effects of RuO6 octahedral distortion can be studied in a 
systematic way, by comparing structural properties of our SRO113 films to those of 
theoretical predictions
7
. However, magnetic measurements reveal that strain effect is 
less relevant to the enhanced magnetization in SRO113 on SRO214 substrate. We also 
show that SRO113 inclusion in SRO214 substrates or high-spin states caused by charge 
transfer or orbital reconstruction cannot explain the observed magnetism enhancement. 
We suggest a plausible model that magnetic moment induced in the SRO214 side of the 
SRO113/SRO214 interface plays a crucial role. 
 
MATERIALS AND METHODS 
Deposition of thin films  
SRO113 films were grown by a pulsed laser deposition (PLD) using an excimer laser 
(Coherent, LPXPro 210F) KrF with the wavelength of 248 nm on various substrates: 
NGO, SRO214, STO, DSO, and GSO. For a pseudo-cubic substrates NGO, DSO, and 
GSO, all SRO113 films were grown along the pseudo-cubic (001) directions in a similar 
way to the (001) STO-substrate case
1, 16
. Surfaces of NGO, DSO, and GSO were 
prepared by a simple in-house annealing process above 1000C, resulting in mixed 
termination on the NGO, DSO, and GSO surfaces. The TiO2-terminated STO surface 
was prepared with etching in buffered oxide etchant and then an annealing process at 
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high temperatures. The surfaces of the SRO214 substrates were prepared by cleaving 
along the ab plane in air. Such cleaved surface exhibits atomic reconstruction due to 
RuO6 octahedral rotation
25
. The termination surface is in most cases SrO, but RuO 
termination may also occur depending on the ambient conditions of cleaving
26
.  
SRO113 films were grown simultaneously as well as separately on various 
substrates that verify reproducibility of our samples in every case (see Figure S1). Base 
pressure of a processing vacuum chamber was maintained at around 2×10-9 Torr. 
Before starting the growth, the chamber was filled with 0.1 Torr O2 gas at room 
temperature (RT). During the SRO113 deposition, substrate temperature was 
maintained at 700ºC with the same oxygen pressure. The film thickness was in-situ 
monitored by reflection high-energy electron diffraction (S. R. Lee et al., unpublished). 
After film growth, the substrates were cooled down to RT at the same O2 partial 
pressure.  
 
Structural characterization 
Structural properties of all films were investigated using a high-resolution X-ray 
diffractometer (Bruker, D8 Discover). Figure 1(a) shows  - 2 wide scans of SRO113 
films grown on various substrates. The clear (00l) peaks from each substrate and 
SRO113 confirm the c-axis oriented film growth and are consistent with the epitaxial 
growth of SRO113 films on every substrate. Here, the cubic or pseudo-cubic structural 
notations are used, except for SRO214, which has a tetragonal structure with c = 1.274 
nm. The positions of the SRO113 (00l) peaks with fringe satellites clearly shift from the 
bulk SRO113 positions (dotted lines) according to the in-plane lattice constants of the 
substrates. The out-of-plane lattice constant of SRO113 decreases when it is deposited 
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on a substrate like GSO with a larger in-plane lattice constant, and vice versa. The 
narrow rocking-curve peaks in Figure 1(b) with a full width at half maximum of 0.03 – 
0.06º assure high quality of our films. 
The in-plane strain of SRO113 films are measured by X-ray reciprocal space 
mapping (XRSM), which are presented in Figures 2(a) – 2(d) and in Figure S2. The 
SRO113 peaks are aligned on the same vertical lines as the respective substrate peaks, 
confirming that our films are all fully strained and epitaxially grown on all the 
substrates.  
 
Magnetic properties measured with a SQUID magnetometer 
Magnetic properties of SRO113 films are investigated using a SQUID magnetometer 
(Quantum Design, MPMS-XL). Here, we describe the procedure for the 
SRO113/SRO214 films in more detail because accurate background subtraction is 
crucial for this study. Magnetization-versus-temperature (M-vs-T) curves shown in 
Figures 3(a) and 3(b) are obtained under zero field after 1-T field cooling from RT to 4 
K with fields along the c axis and a axis of 30-nm-thich SRO113 films, respectively. 
The measurements under zero field are necessary to avoid the strong paramagnetic 
signal of the substrates. The relaxation of M after switching off the field at 4 K is rather 
slow, especially for the field H along the c axis
27
. Note that for SRO113/SRO214 films, 
we measured M before and after the film deposition on the identical substrates and 
subtract the substrate contributions to obtain the exact magnetization of SRO113 films 
alone. Likewise, M of the SRO113 films grown on other insulating perovskite substrates 
were obtained by separately measuring M of the substrates only and M of the 
SRO113/substrates for proper background subtraction.  
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Electronic properties and XMCD measurements 
In order to identify the electronic states, especially of Ru electrons, X-ray absorption 
spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measurements 
were performed with circularly polarized X-rays generated from an elliptically 
polarized undulator at the 2A beamline in the Pohang Light Source. Data were collected 
at 100 K in total electron yield mode with a near-normal X-ray beam incidence. For the 
XMCD measurements, we used X-rays with fixed helicity and alternate the direction of 
the external magnetic fields (0H = 0.8 T) to ensure a constant beam profile. We cooled 
down the sample in zero field and apply the field H just before the measurements, and 
we kept H at a constant value during the data collecting. We obtained XMCD data by 
averaging 8 points with turning on the H field, of which we altered the direction. 
. 
RESULTS AND DISCUSSIONS 
Magnetization on different substrates 
Figure 4 summarizes the structural and magnetic properties of 30-nm SRO113 films on 
various substrates as a function of in-plane strain. In Figure 4(a), the out-of-plane c-axis 
lattice parameter and the unit-cell volume in the pseudo-cubic notations are plotted. As 
expected
7
, compressive (expansive) in-plane strain leads to expansion (contraction) in 
the c axis, as well as the contraction (expansion) of the unit-cell volume. The change in 
the unit-cell volume corresponds to the biaxial Poisson ratio of νc =  0.62. Hereνc = 2 
corresponds to deformation satisfying the volume conservation
28
.  
Note that the values for the SRO214 substrate follow well with the variations for 
other pseudo-cubic perovskite substrates. However, the magnetization in Figure 4(b) 
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clearly indicates the anomalous enhancement only for the SRO214 substrate. This fact 
reveals that the substrate-induced strain is not the direct origin of the enhanced M.   
In Figure 4(c), TCurie based on the M-T curves in Figure 3(a) is plotted.  With 
NGO and STO substrates, TCurie is substantially lower than that of the bulk SRO113. 
Such depression of TCurie has been reported for strained SRO113
6
. In case of the DSO 
substrate, the film suffers the least strain among the substrates chosen in this study, but 
nevertheless it is well strained expansively with the substrate. The observed TCurie of 
160 K matches well with that of the bulk SRO113. Compared with the depressed TCurie 
for STO with comparable but compressive biaxial strain, this contrast behavior implies 
certain anisotropy of magnetic properties with respect to the sign of the strain 
accompanied by the asymmetric volume change. For a GSO substrate, a major part of 
the film exhibits a similar depression in TCurie, but there is an additional part showing 
the TCurie similar to that of the bulk SRO113, as shown in Figure 3(a) as a double-step 
transition. Such a separation of the transition is attributable to the separation of the film 
properties between a strained part near the interface and an unstrained part near the top 
surface, manifesting a particularly large expansive strain of the SRO113 film near the 
interface to GSO.  
The importance of local magnetic moment in the SRO113 ferromagnetism was 
stressed by angle resolved photoemission spectroscopy measurement on an in situ 
grown SRO113 film
29
. Ferromagnetic resonance experiment on SRO113 was consistent 
with the existence of strong spin-orbit coupling
30
. In addition, strong Ru 4d – O 2p 
orbitals hybridization is found in a variety of experiments such as: the magnetic 
Compton profile
9
, the optical conductivity spectra
10
, and resonant photoemission 
spectroscopy
31
.   
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 Among various systems investigated in this study, SRO113/SRO214 exhibits 
exceptional magnetic behavior as shown in Figures 3 and 4(b). It has almost twice 
larger M than that of the other SRO113 films on insulating perovskite substrates and 
unambiguously exceeds its upper limit value of 2 µB/Ru
4+
. Interestingly, TCurie also 
shows the highest value even though SRO113 films are under severe compressive strain. 
Note, when we estimated M of each film, we carefully subtracted M values of substrates 
as described in MATERIALS AND METHODS. It is also observed that heating of 
substrate during SRO113 film deposition is not changing the magnetic behavior of 
SRO214 substrates (see Supplementary Fig. S2). This control experiment makes it clear 
that M of SRO113/SRO214 films is peculiarly large among all reported SRO113 film 
systems. To explain this difference, we further conducted a number of experiments.  
 
Origin of the magnetization enhancement in SRO113/SRO214 
From the discussion in the earlier section, strain-induced RuO6 distortion is clearly 
ruled out as the origin of the enhanced magnetization in SRO113/SRO214. Considering 
SRO214 single crystal growth process, invasion of a small amount of SRO113 phase 
can be feasible in SRO214 substrates. As described in the MATERIALS AND 
METHODS, we always measured M of SRO214 substrates before SRO113 ablation to 
remove the magnetic signals from the substrate itself (Figure S1). Therefore, despite 
possible formation of SRO113 phase in SRO214, the enhanced magnetization of 
SRO113/SRO214 cannot be explained by the substrate contribution. 
 Because PLD growth is a dynamical process, every individual environment 
inside and outside the growth vacuum chamber can affect the film quality. We already 
suggested that the high crystallinity of all SRO113 films used in the present study. The 
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high crystallinity is also supported by excellent electrical properties presented in Figure 
S1(d) with high residual resistance ratio (RRR) values. To reduce potential formation of 
oxygen vacancies in the film during the PLD process, especially during increasing 
substrate temperature up to the film growth temperature (700C), the chamber was 
always filled with 0.1 Torr O2 at all temperatures.  
This process was tested again and the results were presented in Figures S3). 
Thus, effects of non-stoichiometry in both SRO113 films and SRO214 substrates are 
excluded as an origin of the enhanced M. 
Let us turn to in-depth discussion of the magnetization enhancement of 
SRO113/SRO214. There were few reports on SRO113 films whose magnetization 
exceeds 2 µB/Ru
4+
 attributed to its high-spin configuration. Recent work on SRO113 
films grown along the (111) direction on a STO(111) substrate showed enhanced M 
values
16
. The authors suggested possible existence of high-spin configuration in 
SRO113 by employing XAS and XMCD measurements. Nevertheless, for the SRO113 
film grown along (001) direction on STO(001) they obtained magnetization results 
similar to ours (Figure 4(b)). Note that recent work on high-quality single crystalline 
SRO113 reports TCurie = 163 K with M of ~1.0 and ~1.2 µB/Ru
4+
 along the pseudo-cubic 
c- and a-axes in the same measurement conditions as those for the SRO113 films on 
various substrates
32
.  
We investigated the electronic structure of the SRO113 films by Ru M-edge (Ru 
3p  4d) XAS measurements. Figure 5(a) shows Ru M2,3-edge XAS spectra of 
SRO113 thin films on SRO214 substrate and a SRO214 bare substrate, as well as of 
bulk polycrystalline SRO113. Photon helicities were parallel (μ+) and antiparallel (μ-) to 
the majority spin direction of Ru
4+
 set by the external field on cooling. The absorption 
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peaks at 464.5 eV and 487 eV are owing to transitions from Ru 3p3/2 and 3p1/2 core 
levels to the Ru 4d bands. Additional shoulder peaks at 478.3 eV and 500.5 eV are due 
to transitions to Ru 5s bands. These peak assignments are consistent with the previous 
bulk SRO113 XAS spectra
33
. Note that these peaks are also similar to those of bare 
SRO214 substrate (See the bottom curve in Figure 5(a)). Although most ruthenium 
oxides have Ru
4+
 valence states with the low-spin configuration, there are a number of 
examples in which changes of spin configuration or valence states result in large 
changes in XAS spectra
34, 35
. Our observation here confirms that the films have Ru
4+
 
ions in the low-spin state.  
     XMCD measures difference in response from photon helicities: i.e. parallel (μ+) 
and antiparallel (μ-) to the majority spin direction of Ru4+. Without ferromagnetism, 
there should be no XMCD signal. As shown in Figure 5(b), the bare SRO214 indeed 
does not show any XMCD signal. In contrast, the SRO113 films show clear XMCD 
signals, indicating that there are ferromagnetic alignments in Ru-4d electrons at the 
measurement temperature of 100 K. The peak separation in Figure 5(b) agree with that 
of the bulk SRO113, which is assigned as the energy difference between Ru 3p3/2 and 
3p1/2
36
. Therefore, the electronic states of the films on SRO214 are very close to those of 
the bulk SRO113; it is unlikely that that the high-spin configuration is realized in the 
thin films on SRO214 substrates. 
  Contrary to the case of Ru ions, the oxygen ions in SRO113 and SRO214 can 
have quite different environments. Namely, SRO214 have distinct apical and in-plane 
oxygens due to its layered crystal structure. Figure 5(c) shows O K-edge (O 1s  2p) 
XAS spectra of the SRO113 films on SRO substrates and of a SRO214 bare substrate. 
Note that the XAS spectra of SRO214 have two peaks in the energy region between 529 
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and 531 eV, which can be assigned as the transition from apical oxygen bands to Ru 4d-
yz/zx and from in-plane oxygen to 4d-xy states
33
. These spectral features are different 
from the XAS spectra of the SRO113 thin films. This difference might provide a way to 
look into the possibility of induced spin-polarization in the SRO214 substrate beneath 
the SRO113 layer.  
    Since the X-ray penetrates into the substrate through the film, the substrate 
contribution can be seen in the photon energy region (i.e. below 529.5 eV) where the 
absorption of the film is small. It is noticeable that the 1.2 nm film has a weak peak 
around 529.3 eV in the XAS spectrum, indicating the contribution from the substrate. 
We also obtained the XMCD spectra of 1.2 nm and 30 nm SRO113 films as shown in 
Figure 5(d). They look nearly the same as those of the bulk SRO113
36
 and do not 
exhibit any evident peak near 529.3 eV. To clarify this point, we normalized the XMCD 
spectra of the 1.2 nm and 30 nm SRO113 films with their peak intensities and plotted 
them in the inset of Figure 5(d). These normalized XMCD spectra are also very close to 
that of a polycrystalline SRO113. These results suggest that, the spin polarization in the 
yz/zx orbitals of the SRO214 substrate, if any, are quite small.  
 Our systematic analysis presented leads us to look into the interfacial state 
between SRO113 and SRO214, which has not been discussed yet. SRO214 is clearly 
distinct from other substrates used: it is the only metallic substrate with similar Ru
4+
 
electronic configurations to SRO113. With the SRO214 substrate, ferromagnetic 
ordering with TCurie~ 160 K appears even with a thickness as small as 1.2 nm, whereas 
with the STO substrate, for example, it is known that ferromagnetic order is strongly 
suppressed with the film thickness below 3 uc
37
. SRO214 is a paramagnetic metal and a 
spin-triplet superconductor below Tc=1.5 K. When SRO214 forms a good metallic 
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interface with a ferromagnet, a magnetic moment may be induced in SRO214 near its 
interface. Insulating STO single crystal turns to metallic with an introduction of a 
dopant such as La and Nb, but is known to form a Schottky-like interfacial barrier with 
a SRO113 film. When a conducting substrate of 0.5 wt.% Nb-doped STO (Nb:STO) 
was used, M of SRO113/Nb:STO is smaller than that using an undoped insulating STO 
substrate (Figure S4). This result indicates that a conducting substrate with a non-
Ohmic contact with ferromagnetic SRO113 has little influence on the additional 
magnetic moment induction in SRO113. In contrast with SRO113/Nb:STO, we 
demonstrated an excellent metallic contact between SRO113 and SRO214 in our earlier 
report
23
, which may easily induce ferromagnetic moment on the paramagnetic SRO214 
metal side. The common electronic character with Ru
4+
 moment may also promote the 
magnetic moment induction across the interface. However, direct measurements of the 
induced magnetic moment at the buried SRO113/SRO214 interface are not easy. We 
note that superlattices of SRO113 with the ferromagnetic metal La0.7Sr0.3MnO3 (LSMO) 
shows enhanced magnetization compared to their single material layers
2
. The 
enhancement is attributed to an antiferromagnetic coupling emerging at the 
LSMO/SRO113 interface. Similarly, it is a feasible possibility that magnetization 
enhancement at ferromagnet/paramagnet hetero-interface of SRO113/SRO214 
originates from yet unknown magnetic coupling. 
Figure 6 characterizes the amount of enhancement as a function of the SRO113 
film thickness. The solid red line is a linear fit to the M after careful subtraction of the 
background substrate-only contributions (shown by blue circles) by a procedure 
described in MATERIALS AND METHODS. The blue line is the anticipated 
SRO113 film contribution with a known bulk M of SRO113
38
: 1.8 µB/Ru
4+
. The 
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difference between the red and blue lines corresponds to enhancement over the 
anticipated contribution from the SRO113 film. It does not depend much on the film 
thickness. Assuming that the magnetic moment is induced in SRO214 near the 
SRO113/SRO214 interface, contribution of the induced magnetic moment from 
SRO214 and SRO113 film only is distinguished with dark and light grey colors, 
respectively.  
    
CONCLUSIONS 
In this study, we found an exceptionally enhanced magnetization in SRO113/SRO214. 
This enhancement is neither due to strain-induced structural distortion nor due to 
substrate metallicity alone. Electronic structure change, from the low-spin to high-spin 
configuration, is not observed either. The film-thickness dependence of the observed 
magnetization systematically indicates an additional contribution that depends only 
weakly on the thickness. Therefore, we conclude that an induced magnetic moment in 
SRO214 near the SRO113/SRO214 interface be responsible for the additional 
magnetism in the SRO113/SRO214 system. Further confirmation of the spatial 
distribution of the induce magnetism at the SRO113/SRO214 interface as well as the 
clarification of its mechanism is needed in future.  
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Figure Captions  
 
Figure 1 (a) X-ray diffraction spectra of 30-nm thick SrRuO3 films grown on 
various substrates. Sharper peaks correspond to the substrate peaks: (004) 
and (006) for Sr2RuO4 and (001) and (002) for the others. The dashed lines 
indicate the positions of the (001) and (002) peaks of bulk SrRuO3. (b) Rocking 
curves around the SrRuO3 (002) peak.  
 
Figure 2 X-ray reciprocal space mapping of 30-nm SrRuO3 films grown on (a) 
NdGaO3, (b) SrTiO3, (c) DyScO3, and (d) GdScO3 substrates around 
asymmetric (103) Bragg reflection of all substrates in the cubic and 
pseudocubic structures. The axes correspond to the inverse of the in-plane and 
out-of-plane lattice constants of each material. The vertical dashed lines are 
guides to demonstrate that the films are fully strained on the substrates. 
Thickness fringes of SRO113 films are clearly seen in (b) and (c). 
 
Figure 3 Temperature dependence of remnant magnetization of 30-nm thick 
SrRuO3 thin films after fields along (a) the c-axis and (b) the a-axis are turned 
off. The substrate contribution has been subtracted. The films were cooled 
down to 4 K under the applied field of 1 T and the magnetization data were 
collected during warming under zero field. The insets show the details around 
the Curie temperature. 
 
Figure 4 Structural and magnetic properties of SrRuO3 thin films under in-plane 
strain. (a) The out-of-plane lattice parameters (black filled square, left axis) and 
the unit-cell volumes (red filled square, right axis), in the orthorhombic structure 
evaluated from the X-ray diffraction data. The horizontal dashed lines indicate 
the unstrained bulk properties of SrRuO3. (b) Magnetization per Ru atom in the 
film and (c) the Curie temperatures. The horizontal solid lines in (b and c) are 
representing the values corresponding for single crystal and thin films reported 
in ref. 31 (dashed line) and ref. 37 (solid line), respectively. 
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Figure 5 XAS and XMCD spectra of 1.2-nm (blue) and 30-nm (red) SrRuO3 
films on Sr2RuO4 substrate, as well as of Sr2RuO4 substrate alone (black) at Ru 
M-edges (a, b) and O K-edge (c, d) at 100 K. (a) XAS intensities with the 
positive helicity μ+ (solid lines) and negative helicity μ- (dotted lines) and (b) 
XMCD spectral intensity Δμ = μ+  μ-. SrRuO3 bulk XAS spectrum (green) is 
taken from ref. 34. The photon energy value is calibrated by the peak 
differences between XAS and XMCD data. (c) XAS and (d) XMCD spectra at O 
K-edge. The solid triangles and labels represent origin of the transitions by the 
positions and characters of unoccupied d bands. The inset in (d) shows 
normalized (with the peak intensity) data of thin films and polycrystalline 
SrRuO3, taken from ref. 34. 
 
Figure 6 Schematic of magnetization contributions in SrRuO3/Sr2RuO4 with 
various values of film thickness. The measured magnetization of Sr2RuO4 
substrates only and that of SrRuO3 films on the Sr2RuO4 substrates are 
indicated by circles and squares, respectively. The solid red line shows a linear 
fit. The solid blue line indicates the magnetization based on the expected value 
of 1.9 µB/Ru from the film (taken from ref. 37). The difference between the 
measured and expected values is indicated by light gray area that corresponds 
to the induced magnetization, most probably in the Sr2RuO4 substrate.  
  
23 
 
 
 
 
 
  
24 
 
 
 
 
 
  
25 
 
 
 
  
26 
 
 
27 
 
 
 
 
 
 
 
 
 
28 
 
 
 
  
29 
 
Supplementary information 
Induced ferromagnetic moment at the interface between 
epitaxial SrRuO3 film and Sr2RuO4 single crystal 
Seung Ran Lee
1,2
, Muhammad Shahbaz Anwar
3
, Yeong Jae Shin
1,2
, Min-Cheol Lee
1,2
, 
Yusuke Sugimoto
3
, Masanao Kunieda
3
, Shingo Yonezawa
3
, Yoshiteru Maeno
3
  
& Tae Won Noh
1,2 
1 
Center for Correlated Electron Systems, Institute for Basic Science (IBS), Seoul 151-
747, Republic of Korea 
2
 Department of Physics and Astronomy, Seoul National University, Seoul 151-747, 
Republic of Korea 
3
 Department of Physics, Graduate School of Science, Kyoto University, Kyoto 606-
8502, Japan 
Here, we are providing additional data on magnetization and resistivity. We present 
procedures of subtraction of SRO214 substrate contributions in magnetization values of 
SRO113/SRO214 thin films. We also present additional information on the SRO113 
films deposited on various substrates including the temperature dependent resistance. 
Furthermore, we present the magnetization of a 30-nm thick SRO113 thin films 
deposited on Nb:STO substrate to study the effect of the conductivity of substrates on 
magnetic properties of the SRO113 film.  
 
1. Subtraction of SRO214 substrate contribution of magnetization 
We report unexpectedly high magnetization of SRO113/SRO214 thin films. To 
confirm such results, it is very important to carefully subtract all the contribution in 
magnetization other than SRO113 thin films. For this purpose, we subtracted the 
contributions of SRO214 substrates; furthermore, we investigated the effect of 
substrate-temperature on magnetization of the substrate during the deposition of 
SRO113 thin films. The details of both these procedures are given below. 
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1.1. Magnetization measurements before and after deposition of SRO113 thin films 
To grow high quality SRO214 single crystals, about 15% of excess RuO2 is added 
to compensate for the RuO2 evaporation during melting. Due to higher contraction of 
RuO2, other impurity phases such as ferromagnetic SRO113, paramagnetic Sr3Ru2O7 
(SRO327) and paramagnetic Ru metal may appear in the crystal. The density of Ru-
inclusions can be controlled by using optimized concentration of RuO2. Nevertheless, it 
is rather difficult to avoid SRO113 and SRO327 phases. Since we are using SRO214 as 
substrate, it is very important to quantify the amount of SRO113 impurities in the 
SRO214 substrate to obtain the accurate value of magnetization of SRO113 thin films. 
For this purpose, we measure the remnant magnetization of SRO214 substrate (M214) 
using SQUID-magnetometer (Quantum design) before deposition of SRO113 thin films. 
It was measured on warming at zero field after field cooling at 1 T; the same procedure 
as described in MATERIALS AND METHODS of the main text. We detected the 
SRO113 impurity with the concentration varying from 5 ppm to 500 ppm depending on 
the crystal and also a location within the crystal. After deposition of SRO113 thin films 
of required thickness, magnetization (M113/214) is measured again using the same 
magnetometer. To obtain the magnetization of SRO113 thin films (M113), M214 is 
subtracted from M113/214 ( 𝑀113 = 𝑀113/214 − 𝑀214 ). An example of a set of date 
obtained in this procedure is presented in Figure S1. After such careful subtraction of 
substrate contributions, we still observe unexpectedly high magnetization of 
SRO113/SRO214 thin films, revealing that the enhanced magnetization originates from 
the thin films. 
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1.2. Effect of substrate heating on magnetization 
SRO113 thin films are grown at substrate-temperature of about 700C. It has 
already been investigated that annealing process does not change the superconducting 
transition temperature of SRO214; it reflects the stability of SRO214 single crystals. 
Nevertheless, keeping the substrate at this high temperature for three hours may modify 
the magnetic impurities inside the SRO214 substrate. To investigate this possibility, we 
measured the magnetization of SRO214 substrate before and after the heating. We do 
not observe a significant difference in the magnetization that may affect our conclusion 
of the magnetization enhancement of the SRO113 films.  
To heat up the substrate, we used the procedure shown in the inset of Figure S2(a), 
which simulates the actual deposition, except for the value of the background pressure. 
SRO214 substrates wereT heated up to 700C in one hour in the vacuum with backing 
pressure of 10
-6
 Torr, stabilized the temperature at 700C for one hour and finally 
cooled down to room temperature in one hour. The results shown in Figure S2 suggest 
that the estimated magnetization of the SRO113 film provide a lower limit and supports 
Figure S1. Subtraction of substrate contribution of magnetization. Remnant 
magnetization of SRO214 substrate after field cooling at 1 T was measured as a 
function of temperature before and after deposition of a SRO113 thin film.  
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the conclusion that the enhanced magnetization arises because of the deposition of the 
SRO113 thin films. 
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2. Film growth and resistance of SRO113 films on various substrates 
Figure S3(a) shows the resistance as a function of temperature R(T) of four 30-nm 
thin films of SRO113 deposited on STO, NGO, GSO and DSO substrates. R(T) is 
measured using un-etched full 5  5 mm2 films using a commercial system (Quantum 
Design, model PPMS) from 300 K to 4 K. The resistance decreases linearly down to 
TCurie, below which a strong reduction in resistance occurs due to suppression of 
magnetic scattering. Figure S3(b) represents the temperature derivative dR/dT. The peak 
temperatures correspond well to TCurie determined from the magnetization M(T). 
Residual resistance ratios (RRR) of these films are in the range of 5 – 7, assuring the 
high quality of these films. Table S1 summarizes the properties of these films deposited 
on a variety of substrates. 
 
Figure S2. Substrate heating effect on magnetization. Magnetization of SRO214 
substrates was measured before and after heating up to 700C. For substrate C422-p1, 
there is a minute change in the magnetization (a). In contrast, there is about 15% 
increase in the magnetization after heating for another substrate C422-p2 (b). Note that 
both substrates are prepared from the same crystal. The inset of (a) illustrated the 
heating protocol. In both cases, the heating effect does not enhance the estimated 
contribution of the magnetization of the SRO113 film.  
33 
 
 
 
 
 
 
 
 
 
 
Figure S3. Resistance vs temperature of SRO113 thin films deposited on various 
substrates. (a) Temperature dependent resistance of 30-nm thick SRO113 thin films 
deposited on STO (black line), NGO (red line), GSO (magenta line), and DSO 
substrates (green line). RRR values of these films reveal the high quality of the films. 
(b) Temperature dependent derivative of resistance shows that the TCurie measure in 
M(T) and R(T) is closely correlated for these films.   
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 Table S1. Structural, electric and magnetic properties of 30-nm thick SrRuO3 
films deposited on various substrates.    
SRO113 
30-nm 
Substrate  
a-axis (nm, 
pseudo-ubic) 
In-plane 
strain 
(%) 
RRR Mr_c-axis 
(emu/cm
3
) 
@ 4 K 
TCurie (K) 
from 
R(T)  
TCurie (K) 
from 
M(T)  
NGO 
Orthorhombic 
0.3864 1.68 7.3 214 146 148 
SRO214 
(l4/mmm) 
0.3871 1.50  458  159 
STO 
Cubic 
0.3905 0.64 5.2 168 143 140 
DSO 
Orthorhombic 
0.3946 0.41 6.3 199 159 158 
GSO 
Orthorhombic 
0.397 1.02 4.1 153 142 142 
Nb:STO 
Cubic 
   100 -- 137 
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3. Reciprocal Space Mapping (RSM) of SRO113/SRO214 thin film 
It was rather hard to obtain the X-ray RSM for SRO113/SRO214 because of 
somewhat irregular surface of SRO214 substrates on the opposite side of the film. 
Irregular surface makes it difficult to align the interface accurately along the desired in-
plane direction. After a careful alignment we collected RSM for a 30-nm thick 
SRO113/SRO214 thin film. Figure S4 shows the peak from SRO214 at upper region 
and a weak peak signature for SRO113 at lower region.  
 
 
Figure S4 RSM data for SRO113/SRO214 thin film. X-ray reciprocal space 
mapping around (1 0 11) for a 30-nm thick SRO113/SRO214 system shows the 
peaks for SRO214 in the upper region and for SRO113 at lower region and. 
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Figure S5. Magnetization of SRO113 thin film deposited on Nb:STO and STO 
substrates. Temperature dependence of remnant magnetization along the ab-plane 
(along the interface) of 30-nm SRO113 thin films deposited on Nb:STO substrate 
(red symbols) and STO substrate (black symbols). Remnant magnetization and TCurie 
are suppressed for SRO113/Nb:STO thin film compared to SRO113/STO film. 
4. Magnetization of SRO113/Nb:STO (5%) 
It is demonstrated in the main text that enhanced magnetization is observed only 
when SRO113 thin films are deposited on a conducting substrate SRO214. In this case, 
non-trivial electronic correlation at the interface between metallic substrate and film 
may play a crucial role in enhancing the magnetization of SRO113/SRO214 thin films. 
To study such an effect, we used 5%-Nb doped SrTiO3 (Nb:STO) metallic substrate. 
Note that Nb:STO substrate is much less conductive than SRO214 substrates. 
Interestingly, remnant magnetization and TCurie for a 30-nm SRO113 film deposited on a 
Nb:STO substrate are smaller than those for the SRO113/STO thin films, as compared 
in Figure S5. Thus a metallicity of the substrate itself does not enhance the 
magnetization; on the contrary for Nb:STO substrate it is suppressed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
